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ABSTRACT 
Organic sulfur compounds in coal should be removed as 
completely as possible in order to make coal "clean" during 
its usage. Before any method for coal desulfurization can 
be investigated, the structure of coal should be known. 
Soluble substances in coal are more easily analyzed by 
spectroscopic methods than is the insoluble coal. The goal 
of this research is to separate soluble organic sulfur 
compounds from the original coal by pyridine extraction. The 
weight percentages of the coal extracts obtained from three 
different coal samples by single step extractions ranged 
from 8% to 30%. The coal extractability could also be 
enhanced by acid demineralization, lithium aluminum hydride 
(LAH) reduction, and ultrasonic treatment. 
Because there might be some soluble sulfur compounds 
hidden in the blocked pores of coal which are difficult to 
remove by normal solvent extraction, hydrochloric acid and 
hydrofluoric acid were used to dissolve minerals in coal 
which could trap potential soluble compounds including 
organic sulfur. After one or more pyridine extractions, LAH 
was introduced to react with iron pyrites (FeS2 ) in the coal 
residue to allow the pyridine solvent to penetrate the inner 
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coal structure to extract additional soluble materials. 
Additional coal extracts of 3%-9% were obtained by these 
treatments. The yield of coal extract could also be 
enhanced ultrasonically because of the molecular bond 
rupture in coal network by high sound intensities. 
The effects of demineralization and LAH reduction were 
studied by the FT-IR spectra of pyridine extracts and 
residues in different treatment stages. Elemental analyses 
for C, H, N, S in coal extracts and size exclusion 
chromatography were also used in this research. 
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Chapter I 
INTRODUCTION 
Coal, as defined by Petrakis and Grandy, "is a very 
complex heterogenous mixture of organic compounds and 
minerals. 111 More specifically, coal is "a combustible 
solid, usually stratified, which originated from the 
accumulation, burial, and compaction of partially decomposed 
vegetation in previous geologic ages. 112 According to ASTM 
classification, 3 there are four major classes of coal, i.e. 
lignitic, subbituminous, bituminous, and anthracitic coal 
with increasing carbon component and heating value from 
lignitic to anthracitic coal. 
The structure of coal is very complicated. In the 
opinion of Meyers, 4 coal consists of three main sections: 
the macromolecular network of organic and inorganic 
materials, the pore systems and the fossil plant structures. 
The five most plentiful elements in coal are carbon, oxygen, 
hydrogen, sulfur and nitrogen. 
From the end of U.S. Civil War to the end of World War 
II, coal was produced and utilized with a high increasing 
1 
rate. In 1945, 60% of the energy used in America came from 
coal. 3 But this booming trend of coal utilization ended in 
the 1950's because of the rapid growth of oil and gas 
products with their obvious advantages. However, the coal 
consumption in the Western countries came out from its 
dormant period in the 1970's4 due to the mideast oil crisis. 
Now more and more people have recognized the importance of 
coal as one of the major energy sources, because the 
resources of oil and gas will be quite limited in the future 
and the price of oil is not only high but also politically 
related. On the other hand, new technology will make coal 
utilization more efficient in combustion and in conversion 
to synthetic fuels. Right now, three of the five synthetic 
fuel facilities operated in the United States are related to 
coal. 5 
However, there are some problems with coal usage, 
including resource definition, character determination, 
mining method, and coal transportation. 6 The most 
controversial aspect which restricts wider use of coal is 
the environmental problem caused by coal burning. This 
severe effect on the environment originates from the sulfur 
components in coal. By ASTM defination, there are three 
2 
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forms of sulfur in coal: organic sulfur, pyritic sulfur and 
sulfatic sulfur. 2 Elemental sulfur is counted as organic 
sulfur. According to ASTM method (D-2492), 7 organic sulfur 
in coal is defined as total sulfur minus pyritic and 
sulfatic sulfur. Total sulfur is determined by heating a 
coal sample with MgO and Na2co3 at 800 °c followed by 
addition of hot water to remove the sulfur. The solution is 
then made acidic, oxidized and the sulfur content is 
precipitated as barium sulfate. Sulfatic sulfur is 
calculated by weighing barium sulfate after a coal sample 
has reacted with hydrochloric acid and barium chloride. The 
amount of pyritic sulfur is obtained by measuring the ferric 
ion concentration after coal has reacted with nitric acid. 8 
The pyrites and sulfatic sulfur in minerals are relatively 
easier to remove from coal by various physical methods 
because their densities are higher than the densities of the 
organic compounds in coal. 9 So the major concern becomes 
the pre-combustion removal of the organic sulfur from coal 
in order to solve the environmental problems caused by coal 
usage. 
Before any practical method can be developed for 
chemical coal desulfurization, better characterization of 
3 
the organic sulfur compounds in coal is needed. 
Unfortunately, the exact structures of most of these 
compounds are not yet known. Of course, some model 
compounds can be targeted in coal desulfurization 
experiments. That is exactly what is happening in the 
present coal research. Many selective chemical reactions 
and related techniques have been introduced in the area of 
model compound desulfurization, including single electron 
transfer reactions; 10 hyperthermophilic archaebacterium 
reduction; 11 using hydroxide ion as the single electron 
reducing agent; 12 and reactions with soluble metallic 
reagents. 13 Much progress has been made in this field of 
study. But the model compound chemical desulfurization 
strategy has its own disadvantage with regard to the model 
compound being completely representative. It is obvious 
that additional work should be done to test the model 
compounds. Model compound studies of coal desulfurization 
can be valuble only if the right model compounds have been 
chosen. Therefore, if the real structure of the organic 
sulfur in coal can be determined, the above chemical 
desulfurization tools will definitely be more powerful. 
Also, some new and better methods might be developed based 
on the knowledge of the coal structure. 
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Although modern technology has improved analytical 
chemical instrumentation to a very high level, it is still 
not easy to determine coal structure by working on the 
original solid form of coal. That is why solvent extraction 
of coal has become an important technique in coal studies. 
The early research by this method was performed by Bedson at 
the very beginning of this century. 2 Various soluble 
extract fractions of coal can be analyzed by NMR 
spectroscopy, 14 - 18 size exclusion chromatography, 19 - 21 FT-IR 
spectroscopy, 22 - 24 MS, 25 FDMS (field dissociation mass 
spectroscopy), 26 and other techniques. Obviously, the 
solvents play an important role in the extraction. 
Chloroform, benzene, toluene, THF, DMF, pyridine, and cs2 -N-
methyl-2-pyrrolidinone (NMP) 27 are very popular solvents. 
Buchanan and co-workers have reported a sequential solvent 
extraction using four different solvents. 20 • 22 Nishioka also 
developed a multistep solvent extraction procedure. 28 
Dryden separated the solvents in coal extraction into two 
categories. 2 The nonspecific solvents including benzene, 
chloroform, and toluene are lacking the electron pair on 
either oxygen or nitrogen in the solvent molecules. The 
specific solvents are those with such electron pairs in the 
molecules. Normally, the nonspecific solvents do not 
5 
extract coal very well and can dissolve less than 10% of the 
coal by weight. On the other hand, the specific solvents 
like pyridine can extract more than 20% of a bituminous 
coal. Actually, pyridine is very widely used as an 
extraction solvent. 2120122129 The reason why pyridine is so 
effective lies in the fact that pyridine swells the coal 
very well to let the solvent penetrate into the enlarged 
pores of coal and this results in a larger removal of the 
organic compounds. 2130 During the extraction, the hydrogen 
bonds and some other noncovalent bonds in the coal network 
are broken because of the permeation of the solvent. 
Furthermore, the polar nature of pyridine helps to dissolve 
the coal fractions which cannot be extracted by the lower 
polarity solvents. 2 
As pointed by Hessley et al., the solvent extract of 
coal has three main components: oils, asphaltenes, and 
preasphaltenes. 2 It has been widely accepted that coal 
extract is a small, covalently cross-linking network. 31 
Larsen et al. thought the hydrogen bonds were also involved 
in the network. 32 But there are still some disputes in this 
area. Iino and his co-workers pointed out that the three-
dimensional network of coal extract mainly contained 
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noncovalent bonds based on the solubility of the extract. 33 
The extract weight percentages of Illinois #6 coal 
(bituminous coal) which had been obtained in this lab 
earlier were 12.9%, 24.2% and 25.6% using THF, DMF and 
pyridine as solvents, respectively. 22 Nishioka got 24% and 
42% extracts from a subbituminous coal and a high volatile 
bituminous coal by single step extractions using pyridine as 
a solvent. 28 However, these solvent extractions probably 
cannot remove the soluble coal completely, because there 
might be some soluble compounds hidden in the mineral 
blocked pores of coal which are difficult to remove by 
normal solvent extraction. 
Bishop and Ward treated coal with HCl and HF in order to 
determine the inorganic matter contents of coal. 34 This 
idea can be borrowed to improve the pyridine extraction 
yield of coal. Hydrochloric acid and hydrofluoric acid can 
react with the minerals in coal, such as gypsum, kaolinite 
and magnesium salts, and replace the metal cations in 
mineral substances with hydrogen ions. So the solid 
minerals become soluble compounds and are easy to wash away. 
After these minerals in coal have been removed, the blocked 
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soluble compounds, including organosulfur, are then open to 
further pyridine extraction. A separate HCl and HF 
demineralization procedure was introduced earlier in this 
laboratory and resulted in a 10% weight loss indicating the 
removal of the minerals. 35 Mahajan and Walker have also 
reported a mixed HCl/HF demineralization of coal. 36 
Lithium aluminum hydride (LAH) also may be helpful to 
enhance the extractability of coal. The principle of this 
improvement is similar to that of acid demineralization. 
Pyrite (FeS2 ) is another mineral that might trap soluble 
sulfur compounds in coal. As a strong reducing agent, LAH 
can reduce pyrite to FeS and H2S and the addition of HCl can 
convert FeS to soluble FeC12 . 8 , 37 The first LAH removal of 
pyrite was carried out by Smith et al. in 1964. 8 Stock et 
al. also proved this kind of efficient LAH reduction 
reaction. 38 They found that the coal sample lost 26% of its 
weight after it had reacted with LAH in THF for 36 hours. 
Pyrite can also be removed by an acidic chromous chloride 
reduction. 39 
Ultrasonic technology is a powerful tool in chemical 
research because the acoustic waves with a high frequency 
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range can rupture molecular bonds of chemical substances 
which can often increase reaction rates. 40 Suslick et al. 
first reported the ultrasonic effect on alkane solvents. 41 
They proved that acoustic cavitation was responsible for the 
power of the irradiation. ·The sound field could create and 
then collapse gas vacuoles in solution which resulted in 
local high temperture and pressure spots. They also found a 
stable relation between the log of the sonochemical rate and 
the solvent vapor pressure. It has been reported that 
ultrasonic irradiation is very helpful in soil dispersion, 42 
coal tar pitch extraction, 43 and coal extraction. 44 - 48 The 
early study of ultrasonic solvation of coal began in the 
late 1940's. 6 Ultrasonic irradiation can improve the 
solvent extraction yield of coal because the shear forces 
caused by the ultrasonic source can break the carbon-carbon 
bonds within the polymeric network of a base-swollen coal 
matrix. 46 By this method, substances trapped inside the 
network, such as organosulfur compounds, can be extracted by 
a solvent. Possibly some of the small molecular pieces 
obtained after coal network fragmentation also become 
soluble materials. The ultrasonic technique has been 
investigated in coal extraction with different solvents such 
as quinoline, pyridine, 45 pyridine/methanol in the presence 
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of tetra-n-butylarrnnonium hydroxide (n-Bu4NOH) , 46 
dichloromethane, 44 and cs2 -N-methyl-2-pyrrolidinone. 47 • 48 In 
each case, a large increase in coal extractability was 
achieved compared with extraction without the ultrasonic 
irradiation. Another advantage for using the ultrasonic 
technique is that it is more efficient than the traditional 
Soxhlet extraction. The ultrasonic irradiation normally 
takes minutes to hours, but the Soxhlet extractions last 
hours to days. 
The purpose of this thesis work was to remove as many 
soluble organic sulfur compounds as possible from the 
original coal by pyridine extraction. Acid 
demineralization, LAH reduction reaction and ultrasonic 
treatment were used to improve the effectiveness of pyridine 
extraction. The coal extract fractions obtained can be 
studied in future coal desulfurization research. At this 
time, some analysis work has already been done on the coal 
samples at different treatment stages. 
Fresh coal samples are very sensitive to air oxidation. 
For Illinois coals, air oxidation decreases the extract 
yield and increases the amount of colloids collected by 
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membrane filtration of extract. 22 Also, part of the coal 
extract can be converted to insoluble, but hard to separate 
colloids with larger phenol contents under air exposure. 
Therefore, during the workup of coal fractions, the samples 
should be always protected by nitrogen or argon. 
Pyridine is not very easy to remove from the coal 
extract. Possibly the strong hydrogen bonding between 
pyridine and the coal matrix causes this phenomenon. 29 But 
the early work in this lab has solved the problem very 
well. 22 An 80% methanol/water mixed solvent washing of coal 
or extract can successfully remove the remaining pyridine 
from the coal fractions after the normal vacuum drying. 
FT-IR spectroscopy is a very important technique for 
obtaining structural information about coal samples. This 
technique has been used to examine the molecular contents of 
coal extracts, 26 the structure of colloids isolated from 
coal extraction, 22 • 49 and the remaining traces of solvents in 
the extract21 • 
The determination of the molecular weight distribution 
in the extracts will be very beneficial in understanding the 
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structure of the coal extract, but the traditional vapor 
pressure osmometry (VPO) can only provide the number average 
molecular weight. Since the 1980's, much work has been done 
using size exclusion chromatography (SEC) or gel permeation 
chromatography (GPC) to determine the molecular weight 
distribution and the weight average molecular weight of coal 
extracts. 1912 l,So-s4 Some molecules which are too large or 
too polar for gas chromatography or ionization methods can 
be tested by SEC. But the main problem with SEC in coal 
chemistry is the standard calibration.ss In order to 
establish an accurate equation between the logarithm of the 
weight average molecular weight and the retention volume, a 
suitable polymer standard should be chosen. Buchanan et al. 
showed how to use size-fractionated coal extracts to modify 
the polystyrene calibration. 19 
Another useful analysis for coal extracts is elemental 
analysis. Usually, carbon, hydrogen, nitrogen, and sulfur 
contents are measured. The percentage of oxygen is 
calculated by difference. 912 o, 47 This kind of measurement is 
often referred to as the ultimate analysis of coal. 
The coal extracts obtained in this study will be further 
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separated in solvents with different polarities and be 
analyzed by GC/MS and NMR later. Generally speaking, with 
the help of the rapid improvement of analytical instruments, 
coal structures will be increasingly understood. Currently, 
even the solid coal complex can be analyzed to a certain 
extent by some instrumental methods, such as solid-state 
cross polarization, multiple pulse NMR spectroscopy and X-
ray photoelectron spectroscopy. A new coal science branch~ 
the biotechnology of coal~has already been introduced. 25 
The coal gasification technology for electricity generation 
is also under investigation. 5 It is reasonable to say that 
coal will be a much more clean and efficient energy source 
in the future. 
13 
Chapter II 
EXPERIMENTAL SECTION 
A. Coal Samples 
The three coal samples used in this work were provided 
by the Argonne Premium Coal Sample Program. These samples 
are labelled by the following system: 
#2 coal: Wyodak-Anderson Seam Subbiturninous coal, Argonne 
Premium Coal Sample Program #201 coal; 
#3 coal: Illinois #6 Seam High Volatile Bituminous coal, 
APCSP #301 coal; 
#4 coal: Pittsburgh #8 Seam High Volatile Bituminous coal. 
APCSP #401 coal. 
B. Coal Drying (Standard Condition) 
In this study, coal drying means the sample is dried to 
constant weight in an Abderhalden apparatus with 
concentrated H2so4 as desiccant at 100°C and 0.05 Torr. 
Normally, the drying procedure takes three to eight hours 
depending on the weight of the sample. 
C. Pyridine Extraction 
Dry coal sample (Standard Condition) was extracted using 
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a published method22 with distilled, nitrogen-purged 
pyridine in a Soxhlet apparatus under a nitrogen atmosphere. 
The extraction lasted about 2-10 days, until the siphoning 
solvent was colorless. Coal residue was then washed twice 
with 80% methanol/water in the Soxhlet apparatus to remove 
the pyridine. Each washing took two hours. The soluble 
extract was filtered through a 0.45 µm Nylon membrane 
filter. The weight of colloid collected, if any, on the 
membrane was added to the weight of the residue. Most of 
the pyridine solvent in the extract solution was removed on 
a rotary evaporator. The viscous, crude extract was dried 
(Standard Condition) and the resulting solid extract 
transferred to a lOOrnL flask and washed twice with 80% 
methanol/water with stirring for one hour under a nitrogen 
atmosphere in order to remove the remaining pyridine. The 
methanol/water was filtered through the 0.45 µm Nylon 
membrane filter after each washing. Both extract and 
residue were finally dried under Standard Conditions before 
being weighed. If the weight of the original sample was 
less than 5g, a 22mmx80mm Whatman cellulose thimble and a 
250mL round bottom flask with 200mL pyridine solvent were 
used in the extraction. If the sample was 5-lOg, the 
extraction was carried out in a 43mmxl23mm thimble with a 
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500mL flask containing 400mL pyridine. 
D. Storage of Coal 
All the dry coal samples including the residues and 
extracts were stored in a nitrogen-flushed glovebag. The 
nitrogen in the glovebag was refreshed periodically. 
F. Acid Demineralization 
According to the method developed in this lab, 35 coal 
residue (10g) was placed into a 250mL round bottom flask 
with 50rnL of 25% HCl. A cold finger condenser filled with 
ice was connected to the flask, and the flask was heated in 
an oil bath with stirring at 100°c for two hours under a 
nitrogen atmosphere. After being cooled, the coal product 
was washed with deionized water in a porcelain Buchner 
funnel until the pH value of the filtrate reached 5.5, and 
then it was dried overnight at room temperature with 
nitrogen protection. Next, the coal was added to a 500mL 
polyethylene tube containing 50mL of 48% HF. The mixture 
was stirred and heated to 70°C in an oil bath for two hours. 
The sample was cooled and washed with deionized water in a 
polyethlyene Buchner funnel until the pH of the filtrate was 
5.5. Finally, the coal sample was dried under the Standard 
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Conditions. The above procedure is called the separate HCl 
and HF demineralization. Also, the demineralization with 
these two acids was carried out in one step, which is 
referred to as the mixed acid demineralization. In this 
case, the coal residue was allowed to react with a mixture 
of 1:1 HCl (25%) and HF (48%) at 100°C for two hours with 
other conditions the same. 
G. Lithium Aluminum Hydride Reaction 
Distilled THF (lOOmL) and coal residue (2.000g) obtained 
from the pyridine extraction were placed in a 500mL three-
neck flask. LAH (2.000g) was carefully added to the flask 
through a solid addition funnel. With constant stirring, 
the mixture was heated to 80°C with an oil bath for two 
hours. One neck of the flask was connected to a condenser 
with nitrogen flowing from its top. The other necks were 
closed with stoppers or septa. After the reaction, the 
substances in the flask were cooled in an ice bath followed 
by the dropwise addition of deionized water (lOOmL) and 30% 
HCl (lOOmL) to the flask through a neck closed with a rubber 
septum from a 50mL syringe. The flask was reheated to 80°C 
for 30 minutes. Finally, the mixture was filtered and the 
coal was washed with 2L warm water in a porcelain Buchner 
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funnel before the coal was dried (Standard Conditions) . 8 
The dry coal was ready for the next extraction. 
H. Standard Treatment 
The original coal sample was treated with pyridine 
extractions together with acid demineralization and LAH 
reaction under uniform conditions which is called the 
Standard Treatment in this study. The sequences and methods 
in this treatment are shown by Scheme 1 on page 23. 
I. Ultrasonic Irradiation 
All ultrasonic irradiations were made with a Biosonik 
III apparatus (Bronwill Company). The sound intensity was 
85% of the capacity of the instrument. The swollen coal 
sample was put in a suitable beaker placed in an ice bath 
and the temperature of the sample mixture was controlled at 
30±6°C by the addition of of ice during the extraction. In 
the experiment, dry fresh coal (2.Sg), 40mL pyridine and 13 
mL of l.OM n-Bu4NOH in methanol were mixed in a lOOmL beaker 
with magnetic stirring. The ultrasonic probe was immersed 
2-3cm under the liquid surface. The irradiation was 
maintained for 3 hours with the flowing of argon gas into 
the beaker to exclude air. After sonication, the slurry was 
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transferred to a centrifuge tube with 3rnL methanol. It was 
centrifuged at 2500 rpm for 30 minutes using an IEC Centra-7 
Centrifuge at room temperature. Centrifugation produced the 
coal extract and the coal residue. The coal extract was 
decanted into a 250mL round bottom flask and the solvents 
were removed on a rotary evaporator. After that point, 50rnL 
of 3M HCl was added to the remaining viscous coal extract 
followed by stirring for several minutes. The slurry was 
washed with about 7L deionized water in a 500rnL glass 
fritted funnel until all c1- was removed from the filtrate. 
AgN03 was used for the c1- test. The extract was 
transferred to a lOOmL flask with 90rnL of 80% Me0H/H20 and 
stirred for one hour under nitrogen protection followed by 
the collection of the coal extract by filtration through a 
porcelain funnel and the standard drying procedure. 
The coal residue after the sonication was stirred in a 
flask with 60mL of 3M HCl for 2 hours under N2 • At least 6L 
deionized water was used to wash and remove c1- from the 
resulting residue in a 500mL glass fritted funnel. The 
solution was examined by AgN03 for the presence of c1-. The 
same MeOH/H20 washing and drying steps as used in the 
extract treatment were followed to complete the entire 
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cleaning procedure of the coal residue. 46 
The irradiations with the coal samples of 7.5g and 15g 
were carried out in 250mL and 400mL beakers, respectively. 
The amounts of solvents used were increased in the same 
ratio. 
The post-treated coal residue from the irradiation was 
subjected to acid demineralization and the first pyridine 
Soxhlet extraction. The solvent extraction residue was 
treated with LAH followed by the second pyridine extraction. 
J. FT-IR Spectroscopy Procedure 
FT-IR spectra of coal fractions were recorded on a 
Nicolet 20-DXB Spectrometer. NSS (number of scans of 
sample) was 50, both NSR (number of scans of reference) and 
NSB (number of scans of background) were 27. KBr pellets 
were made with the combination of 300mg KBr and 3mg coal 
fraction. The mixture was ground in a Wig-L-Bug apparatus 
for 45 seconds and was pressed at 6000 psi in a 13mm die. 
K. SEC Procedure 
Size exclusion chromatography (SEC) or gel permeation 
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chromatography (GPC) analyses were carried out on a three-
colurnn train of ASI Ultragel size exclusion colurnns. 19 The 
three 250nunx7.8mm columns are made of lOµm polystyrene-
polydivinylbenzene copolymer with 100, 500, and 1000 
Angstrom nominal pore sizes, respectively. Under idle 
conditions, HPLC grade pyridine (Aldrich) was constantly 
recycled through the system by a Beckman Model llOB pump at 
0.3 rnL/min. While in operation, the system had a 1.9 
rnL/min solvent flow rate and pyridine was diverted to waste 
collection using an Altex slider valve. Coal extract 
solutions at 6.0 mg/mL concentration in pyridine were 
centrifuged and filtered through a 0.5µm Millipore filter 
before being injected into the column through a lOOµL loop 
in a Rheodyne Model 7125 injector. Knaner Model 98.00 
refractive index detector signals were sent via a Cyborg 
Isaac interface to an Apple 2e data station where they were 
recorded and analyzed with Appligration II software from 
Dynamic Solutions, Inc. 19 
L. Elemental Analyses 
All the elemental analysis work was done by Galbraith 
Laboratories Inc., Knoxville, TN. 
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Chapter III 
RESULTS AND DISCUSSION 
1. Pyridine Extraction and Effect of Acid Demineralization 
and LiAlH4 Reaction 
The Standard Treatment procedure is shown in Scheme 1 on 
the next page. The first pyridine extraction of the raw 
coal was followed by the separate HCl and HF 
demineralization and the second pyridine extraction followed 
by the LAH reaction and the third pyridine extraction. 
' From Table 1 and Figure l, it is easy to find that 
pyridine does work well to remove soluble compounds from 
coal samples by the Standard Treatment. For all the coal 
samples, i.e. No.2, No.3, and No.4, the soluble coal 
fractions obtained from the first pyridine extractions 
account for 47.77%, 89.15%, and 88.92% of the total soluble 
extracts, respectively. The first pyridine extraction of 
No.2 coal cannot completely dominate the extract yield in 
the series of treatments, while the corresponding procedures 
on No.3 and No.4 coal samples result in nearly 90% of the 
total extracts. But the following acid demineralization of 
No.2 coal can yield an extract increase more than three 
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Scheme 1 Sequences of STANDARD TREATMENT 
1st pyridine 
RAW COAL --------
extraction 
EXTRACT #1 
separate 
HCl/HF 
RESIDUE #1--------
deminerali-
zation &: 
2nd py ext 
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EXTRACT #2 
LAH rxn 
6 hours 
RESIDUE #2--------
Jrd PY ext 
EXTRACT #3 
RESIDUE #3 
times that for the pyridine extractions of the other two 
coal samples. There are at least two possible explanations 
for this behavior. First, there is a much higher percentage 
of soluble coal hidden in the mineral-blocked pores of No.2 
coal. Second, the No.2 coal is a subbituminous coal with a 
lot of acid salts combining with the coal matrix structure, 
such as Ar-coo-ca2+-ooc-Ar, Ar-coo-Mg2+-ooc-Ar, etc. After 
the demineralization, these salts would be converted into 
acids (Ar-COOH) which were partially pyridine soluble (see 
discussion in Section 3 for evidence) . Lithium aluminum 
hydride (LAH) also helped to remove an extra 2.75% to 6.68% 
soluble materials from the tested samples after the 
demineralizations. During the reduction reaction, pyrite 
(FeS2 ) was reduced to H2 S and FeS. The addition of HCl 
which followed could convert FeS to soluble FeC1 2 . Among 
the #2, #3 and #4 coals, the latter two samples have more 
pyrite components. However, the amount of the soluble 
substances blocked by pyrites does not necessarily have to 
be proportional to the amount of pyrite in coal. 
The total extract yields after the Standard Treatment 
are 17.52%, 28.93% and 34.57% for #2 (Wyodak subbituminous), 
#3 (Illinois bituminous) and #4 (Pittsburgh bituminous) coal 
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samples, respectively. So the bituminous coal has a higher 
extractability. The early work in this lab resulted in the 
extract yields of 6.1%, 27.1% and 25.9% by the four solvent 
sequential extractions20 and 14.93%, 26.17% and 32.91% by 
the pyridine extractions with CS2/NMP, HCl/HF treatments35 
for #2, #3 and #4 coal. The data in this research are 
consistent with those from the early study considering the 
dependence of the extract yield on coal rank. Obviously, 
the final extract yields obtained by the Standard Treatment 
in this study are higher than the early results obtained 
using different ways to achieve the extraction improvement 
for all the three coal samples. 
A small amount of colloid (about 50mg from 5g extraction 
sample) was collected when filtering the soluble extract 
through the membrane filter. This weight was added to the 
residue for the material balance. 
There was always a weight increase of the coal samples 
after the acid demineralizations because of the retention of 
acids (see Entry e in Table 1). This phenomenon is the same 
as that reported by Mahajan et al. 36 The basic nitrogen in 
the coal matrix can bind HCl in the form of hydrochloride 
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structures. Some of the hydrochloride could be removed in a 
hydrolysis procedure when coal was washed by water, but 
some HCl could remain on the nitrogen groups due to their 
basicity. 
When the acid demineralization preceeded the first 
pyridine extraction, the total extract percentage was only a 
little bit higher compared with the result obtained from the 
Standard Treatment at the corresponding stage, i.e., the 
first pyridine extraction followed by the demineralization 
and the second pyridine extraction (see Table 2). So the 
former method cannot help to get a reasonably greater 
extract yield and is not strongly pref erred because the 
Standard Treatment has the advantage of showing the 
structural changes caused by the demineralization as 
determined from the FT-IR spectra (see details in Section 
3) • 
The coal residues after the first pyridine extraction 
were also treated with HCl, HF and LAH in two different 
sequences (see Table 3). For No.2 coal, the total extract 
percentage is higher in the Sequence Two experiment in which 
LAH reaction preceded the demineralization. But the result 
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went to the opposite for the No.4 coal. So it is hard to 
say which experiment sequence can give the best improvement 
in extraction. It might depend on coal rank. 
In order to make the whole treatment more convenient, a 
three-step procedure was tested for No.3 coal. Pyridine 
extraction was carried out only once after the 
demineralization and LAH reactions had been finished. The 
results are listed in Table 4. The total extract percentage 
is 21.37%, which is only 73.9% of which obtained in our 
Standard Treatment (see Table 1). Therefore, this shorter 
treatment was not an improvement. Also, some unusual 
phenomenon happened in this experiment. After the 
demineralization, the water used to wash the coal was not as 
easy to filter under vacuum as usual. However, the same 
filtration procedure was again normal after the later LAH 
reaction. Perhaps more colloids formed during the 
demineralization due to air oxidation, the LAH reduction 
which followed eliminated these colloids, which contained 
esters as shown in a previous study. 22 • In the Standard 
Treatment, the first pyridine extraction before the 
demineralization removed the colloid materials by membrane 
filtration, so possibly fewer colloids could form in the 
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next demineralization and the washing afterward was easy. 
Mixed acid demineralization and LAH reaction for 36 
hours instead of 6 hours in the Standard Treatment were also 
used to increase the soluble fraction of coal as efficiently 
as possible. The results from experiments of No.3 coal by 
the Standard Treatment and the two alternative methods 
mentioned above are shown in Table 5 and Figure 2. When the 
LAH reaction time was 36 hours, there was 1.74% more soluble 
coal extracted by pyridine. The time-saving mixed acid 
method did not improved the pyridine extract even though the 
LAH reaction was also 36 hours. 
Therefore, among all the above experiments, the most 
efficient procedure to achieve maximum pyridine-extract from 
coal by using acid demineralization and LAH reduction is the 
following: 
(1) 1st pyridine extraction; 
(2) separate HCl and HF demineralizations; 
(3) 2nd pyridine extraction; 
(4) LAH reaction for 36 hours; 
(5) 3rd pyridine extraction. 
By this method, a total of 30.67% soluble coal can be 
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obtained from the original dry Illinois No.6 coal (No.3 coal 
in this research) . 
2. Ultrasonic Treatment 
The ultrasonic treatments were done three times on No.3 
coal (Illinois #6 coal). The results are shown in Table 6. 
The data are very encouraging for the small scale process~ 
2.5g fresh coal. The extract yield after the first 
ultrasonic irradiation was 50.03%, which is well above the 
yield obtained from the Standard Treatment (see Figure 2). 
Liotta et al. obtained 50% extract by weight from the same 
non-preswollen coal sample by the ultrasonic technique using 
the same swelling base and the solvents. 46 Clearly, the two 
results are almost identical. The acid demineralization and 
LAH reduction after the irradiation in this study also 
contributed about 3% more total extract. Therefore, by this 
method, more than half of the dry fresh coal can be 
converted to a soluble fraction. If the ash component is 
excluded from the raw coal, then more than 62% of the 
organic fraction of the coal sample can be made soluble. 
From Table 6, it can be seen that if the treatment begins 
with a larger scale, i.e. 15g or 7.5g fresh coal, the 
results are not as good. As shown in Table 6, the second 
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and third round experiments gave only 25.77% and 28.19% 
extract yields after the irradiations. This difference in 
the extract yield is probably due to the difference in the 
amount of coal sample used in the irradiation. In the first 
experiment with a much smaller amount of starting sample, 
the base-swollen coal and the solvents were put in a lOOmL 
beaker. However, they were in 200mL or 400mL beakers when 
being irradiated with larger scales. Reasonably, the sound 
intensity decreases rapidly with the distance from the 
ultrasonic probe to the edge of the beaker. For the larger 
scale cases, a big part of the sample could not receive the 
same strong sound intensity as they did in the small 70mL 
beaker. So relatively fewer chemical bonds were broken in 
the bigger beakers. The evidence for bond breaking during 
the ultrasonic irradiation will be discussed in Section 5. 
3. FT-IR Spectra 
The FT-IR spectrum of the original #3 coal is shown in 
Figure 3. The 3200-3600 cm- 1 region corresponds to the 0-H 
absorption. The N-H stretching is also at this area, though 
the nitrogen content in coal is very low. The peaks at 2924 
and 2853 cm- 1 are evidence of the aliphatic C-H stretching. 
Carbonyl groups and carbon-carbon double bonds appear at 
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1500-1800 cm- 1 • The aliphatic C-H bending together with 
some mineral matters are shown between 1300 and 1500 cm- 1 . 
The minerals are also at the 1000-1300 cm- 1 region where the 
C-0 single bond stretching also exists. The aromatic C-H 
bending is at 700-900 cm- 1 • There are still some minerals 
shown at the 450-600 cm- 1 region. All the above 
observations are similar to what Tooke and Grint found in 
their coal research. 56 
From FT-IR spectra of coal residues in different test 
stages during the Standard Treatments, it is clear that the 
spectra of the residues after the first pyridine extractions 
are quite different from that obtained after the 
demineralizations followed by the second pyridine 
extractions for all three coal samples. The mineral peaks 
at llOOcm- 1 , 1033cm- 1 , 695cm- 1 , 540cm- 1 and 463cm- 1 in the 
spectra of the pyridine residues disappeared after the 
demineralizations. The following LAH reactions did not 
change dramatically the spectra of the pyridine extraction 
residues (see Figure 4-12). On the other hand, when the LAH 
reactions were carried out before the demineralizations 
(Sequence Two experiment in Table 3), the pyridine residue 
spectra after the reduction reactions were the same as that 
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obtained after the first pyridine extractions. The last 
demineralization steps eliminated the mineral peaks 
mentioned earlier in the pyridine residue spectra (see 
Figure 7, 13, and 14). In a word, it is very obvious that 
acid demineralization does work well to remove the mineral 
materials and let the mineral-blocked soluble coal be 
extracted out later. 
The spectra of the three extracts in the Standard 
Treatment are very similar (see Figure 15-17) which means 
that the soluble substances are located within the coal 
network almost randomly. The spectra of the raw coal, the 
coal residue and the coal extract are also alike and are 
similar to the observations made by Tognetti et al. 23 
As mentioned in the early part of Section l, #2 coal has 
many carboxylic acid salts and these salts might be 
converted to pyridine soluble substances after the 
demineralization. This explanation is consistent with the 
FT-IR spectrum of the extract obtained after 
demineralization and the following pyridine extraction (see 
Figure 18). There is a strong peak at 1700 cm- 1 in the 
spectrum indicating the existence of many acid components. 
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The same peak does not appear in the corresponding spectra 
of #3 and #4 coal. 
The FT-IR spectra for the extracts and residues in the 
ultrasonic experiments show no significant difference from 
those in the Standard Treatment. The major variation was 
found in the spectra of extracts after the very first 
ultrasonic irradiation. A relatively strong 2959 cm- 1 peak 
appeared near the fundamental 2931 cm- 1 peak. But the 
former peak almost disappeared in the extract spectra after 
the demineralization and LAH reaction (see Figure 19-23). 
This 2959 cm- 1 peak corresponds to the strong appearance of 
methyl groups attached to alkyl chains. 9 So the irradiation 
extract is rich in these types of molecular components. 
Besides, the FT-IR spectra show some minerals left in the 
coal extract after the irradiation. The peaks at 1033cm- 1 , 
540cm- 1 , and 463cm- 1 correspond to these minerals (see 
Figure 19, 22). But the mineral peaks were not present in 
the spectrum of the extract obtained after the following 
acid demineralization and pyridine extraction (see Figure 
20, 23). So some of the minerals became soluble right after 
the irradiation. Also it is possible that the separation of 
coal extract and residue after ultrasonic irradiation by 
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just decanting out the soluble fraction after the 
centrifugation was not very clean. This was a procedure 
suggested by Liotta et al. 46 Of course, by using a Soxhlet 
extraction apparatus, the extract and the residue can be 
separated completely. 
4. Elemental Analysis 
Elemental analyses were obtained for the first pyridine 
extract (Entry Bin Table 7), the pyridine extract after the 
demineralization and LAH reaction (C) and three extract 
samples obtained in the ultrasonic experiments (D-F) of the 
No.3 coal. The results are listed in Table 7. Evidently, 
the data for samples B and C are very close considering 
their element components. The similarity of these extracts 
is also shown by their FT-IR spectra mentioned in Section 2. 
It is interesting to note that the elemental composition of 
the extract is close to that of the organic fraction of the 
original dry coal. So the coal extract may be just a 
smaller portion of the network structure among the whole 
coal matrix. Also, it is possible that the extract 
structure is different from the entire coal matrix, but the 
elemental components of them happen to be similar. Of 
course, some other explanations may exist. The weight 
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percentages of carbon of samples B and C (see Table 7) are 
even higher than that of the original coal which means the 
coal samples were protected very well from the air oxidation 
during the multi-step treatments. As reported by Buchanan 
et al. earlier, 22 the oxidized coal samples usually had 2% 
lower carbon contents than the corresponding fresh samples. 
The most distinguished difference between the extracts in 
the Standard Treatment and the dry coal is the C/H mole 
ratio. The C/H ratio in the dry coal is about 16% higher. 
So perhaps there are more aliphatic components and fewer 
aromatic components in the extract fraction of the coal 
sample. The nitrogen percent of the extract is slightly 
higher than that of the dry coal. One explanation could be 
that pyridine might not have been completely removed. 
However, the FT-IR spectra of the extracts did not show 
strong evidence of the remaining pyridine. As pointed out 
by Buchanan et al., 22 the pyridine peaks at 1537, 1253, 750 
and 650 cm- 1 could be found easily in the coal extracts 
which had not been washed by MeOH/H20. But possibly even 
after the Me0H/H20 washing, traces of pyridine might still 
stay in the extract fraction which was perhaps difficult to 
detect by FT-IR due to the sensitivity of the instrument. 
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The data with regard to the extracts in the ultrasonic 
treatments show that extract D obtained from the first round 
irradiation, which resulted in the highest extract yield, 
has a much higher hydrogen content and its C/H ratio is the 
lowest. This extract might have the highest aliphaticity 
which is consistent with the additional intense absorption 
at 2959cm- 1 in its FT-IR spectrum as mentioned before. 
Generally, the soluble coal fraction extracted in the 
ultrasonic experiments have higher hydrogen and nitrogen 
contents than the original coal (A) which was the same as 
the result of the Liotta group. 46 It suggests that this 
increase in the amount of H and N is possibly because of the 
remaining trace amount of n-Bu4N+ and/or pyridine in the 
extracts. By a single irradiation procedure, the extracts 
obtained (D, E in Table 7) have less sulfur than the organic 
sulfur in the original coal. However, the extract obtained 
after the LAH reaction in the irradiation experiment series 
(F) together with the extracts from the Standard Treatment 
(B and C) have a higher sulfur content than the organic 
sulfur in the raw coal. Therefore, the single ultrasonic 
irradiation can extract more soluble compounds but less of 
the organosulfur in coal. 
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5. SEC (GPC) Results 
The results from size exclusion chromatography indicate 
that the three different extracts in the Standard Treatment 
have very close molecular weights (see Figure 24). The 
elution time is the shortest for the soluble fraction 
extracted after LAH reaction and the longest for the extract 
collected right after the first pyridine extraction. The 
longer the elution time, the lower the molecular weight. 
The average elution time is about 6.8 minutes. The number 
average molecular weights of the components of these 
extracts are between 3000 to 4000 based on the previous 
calibration. 19 Figure 25 shows the SEC curves for the 
extracts obtained in the three ultrasonic irradiations. The 
average elution time for these extracts is 7.3 minutes which 
is longer than the one discussed above. Generally, this 
behavior proves that bond rupture occurred under the 
irradiation. Therefore, these extracts contain smaller 
molecules. Also, the spread of the SEC peaks is greater for 
the irradiated samples than for the samples obtained from 
the Standard Treatment which means the molecular weights of 
the irradiated extracts are distributed more widely. It 
might be additional evidence for bond breaking under the 
strong sound intensities. 
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Chapter IV 
CONCLUSION 
1. Pyridine extraction is a very powerful method to remove 
soluble organic compounds from the original coal. Acid 
demineralization and lithium aluminum hydride reduction 
can help to improve the extract yield. By Standard 
Treatment, 17.52%, 28.93%, and 34.57% of the raw coals 
have been removed as the soluble coal fractions for #2, 
#3, and #4 coal, respectively. 
2. Some alterations to the Standard Treatment do not show 
valuable improvements to the extract yield, including the 
mixed acid demineralization, different sequences for the 
demineralization and LAH reactions, .and a convenient 
three-step process. However, increasing the LAH reaction 
time from 6 to 36 hours can consistently result in a 
higher extract yield. 
3. The small scale ultrasonic irradiation can enhance the 
extractability of coal dramatically. A total 
extract yield of 52.98% has been obtained from #3 sample 
using the ultrasonic technique, which is the highest 
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extract yield among all the treatments. 
4. The effect of acid demineralization can be shown by FT-IR 
spectra. The mineral peaks at 1100, 1033, 695, 540, and 
463 cm- 1 in the spectra of the first pyridine extraction 
residues disappear after demineralization. 
5. The elemental components of the coal extracts in the 
Standard Treatment are close to those of the original 
coal samples. The only main variation is that the raw 
coal has a higher C/H mole ratio which means it may have 
more aromatic and fewer aliphatic components. The 
extract obtained from the small scale ultrasonic 
irradiation has a greater hydrogen percentage than those 
from the larger scale irradiations. The extracts from 
the irradiation experiments have higher N and H contents 
than the original coal. The single irradiation step 
results in the extract with less sulfur than that 
obtained in the Standard Treatment and than the organic 
sulfur in the original coal. 
6. Size exclusion chromatography shows the three extracts in 
the Standard Treatment have very similar molecular weight 
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distributions. The number average molecular weights of 
their components range from 3000 to 4000. The extracts 
obtained from the ultrasonic irradiations have longer 
elution times than those from the Standard Treatment and 
therefore have smaller molecular weights. 
7. The extracts obtained in this study can be separated in 
solvents with different polarities in the future 
research. They can be further analyzed by GC/MS, NMR and 
some other analytical tools. 
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Table 1 Multiple Extraction of Argonne Premium Coals 
(Standard Treatment) 
I #2 COAL #3 COAL #4 COAL 
INITIAL WT g 16.4100 24.8549 19.3942 
a PY EXTRACT #1 g 1. 3730 6.4093 5.9622 
WT % EXTRACT #1 % 8.37 25.79 30.74 
b PY RESIDUE #1 g 14.7989 18.8579 12.2690 
WT % RESIDUE #1 % 90.18 75.87 63.26 
MATERIAL BALANCE % 98.55 101.66 94.00 
PY RESIDUE #1 g 5.0560 7.8396 9.7851 
WT AFTER HCl/HF g 4.2158 6.1283 8.2116 
WT RECOVERY % 83.38 78.17 83.92 
c PY EXTRACT #2 g 0.4207 0.1500 0.0967 
WT % EXTRACT #2 % 9.98 2.45 1.18 
d PY RESIDUE #2 g 3.3850 6.0610 8.2699 
WT % RESIDUE #2 % 90.97 98.90 100.71 
e MATERIAL BALANCE % 100.95 101.35 101. 89 
WT % EXTRACT #1+#2 9-_. 0 15.87 27.24 31. 37 
PY RESIDUE #2 g 1. 2465 2.1663 1. 9880 
WT AFTER LAH RXN g 1. 0891 1.9485 1. 7817 
WT RECOVERY % 87.37 89.95 89.49 
f PY EXTRACT #3 g 0.0300 0.0624 0.1191 
WT % EXTRACT #3 % 2.75 3.20 6.68 
g PY RESIDUE #3 g 1.0667 1. 8649 1. 6240 
WT % RESIDUE #3 % 97.94 95.71 91.15 
MATERIAL BALANCE % 100.69 98.91 97.83 
I TOTAL WT % EXTRACT % 17.52 28.93 34.57 
Tabel 2 Effect of Demineralization Before First Pyridine 
Extraction of #3 Coal Sample 
ACID DEMI + 
PY EXTRACTION 
FRESH COAL (g) 3.3683 
PY RESIDUE #1 (g) 
---------
WT AFTER HCl/HF (g) 2.8219 
WT RECOVERY (%) 83.78 
PY EXTRACT ( g) 0.7884 
WT % EXTRACT ( g) 27.94 
PY RESIDUE (g) 1.9364 
WT % RESIDUE (%) 68.61 
TOTAL WT % EXT (%) 27.94 
*: including first pyridine extract 
(see Entry a in Table 1) 
PY EXT + DEMI 
+ 2nd PY EXT 
---------
7.8396 
6.1283 
78.17 
0.1500 
2.45 
6.0610 
98.90 
27.24* 
Table 3 Two Sequences of Demineralization and LAH 
Reaction 
SEQUENCE ONE1 SEQUENCE TW02 
PY+HCl/HF+LAH PY+LAH+HCl/HF 
COAL#2 COAL#4 COAL#2 COAL#4 
a PY RESIDUE #1 g 5.0560 9.7851 4.9978 2.0662 
WT AFT HCl/HF g 4.2158 8.2116 ------ ------
WT AFTER LAH g ------ ------ 4.4896 1. 8086 
WT RECOVERY % 83.38 83.92 89.83 87.53 
PY EXTRACT g 0.4207 0.0967 0.4600 0.0259 
WT % EXTRACT % 9.979 1.18 10.25 1.43 
b PY RESIDUE g 3.8350 8.2699 4.0362 1. 7981 
WY % RESIDUE % 90.97 100.71 89.90 99.42 
PY RESIDUE #2 g 2.5729 2.0045 3.0174 1. 0039 
WT AFT HCl/HF g ------ ------ 2.6396 0.7108 
WT AFTER LAH g 2.4931 1. 8197 ------ ------
WT RECOVERY % 96.90 90.78 87.49 70.80 
PY EXTRACT g 0.0198 0.0508 0.1130 0.0072 
WT % EXTRACT % 0.794 2.79 4.28 1. 01 
c PY RESIDUE g 2.4830 1. 7594 2.6253 0.7366 
WT % RESIDUE % 99.59 96.69 99.44 103.63 
I TOTAL WT% EXT %3 16 . 4 o I 3 2 . 7 2 11 19 . 3 9 31.93 
1: Standard Treatment (see Scheme 1 on page 23) 
2: 
py extraction 
residue (Entry a in this table) 
rxn (6h) & 2nd py extraction 
& 3rd py extraction 
residue 
3: including first pyridine extract (see Entry a in Table l} 
Table 4 An Conveninet Treatment of #3 Coal: 
Demineralization--LAH Reaction--Py Extraction 
FRESH COAL (g) 4.0370 
WT AFTER HCl/HF (g) 3.2921 
WT RECOVERY ( % ) 81.55 
COAL REACTING WITH LAH (g) 2.9992 
WT AFTER REACTION (g) 2.4110 
WT RECOVERY ( % ) 80.39 
PY EXTRACT ( g) 0.7860 
WT % EXTRACT (%) 32.60 
PY RESIDUE (g) 1.5055 
WT % RESIDUE (%) 62.44 
MATERIAL BALANCE (%) 95.04 
TOTAL WT % EXTRACT (%) 21. 37 
Table 5 Methods Used to Increase Pyridine Extract of 
#3 Coal 
Mixed 
Standard LAH Rxn Acid & 
Treatment 36 h LAH Rxn 
36 h 
PY RESIDUE #1* g 7.8396 3.3433 
WT AFTER HCl/HF g 6.1283 2.5670 
WT RECOVERY % 78.17 76.78 
PY EXTRACT #2 g 0.1500 0.0456 
WT % EXTRACT #2 % 2.45 1. 78 
PY RESIDUE #2 g 6.0610 2.5357 
WT % RESIDUE #2 % 98.90 98.78 
MATERIAL BALANCE % 101.35 100.56 
WT % EXTRACT #1+#2 % 27.24 26.82 
PY RESIDUE #2 g 2.1663 2.0150 2.0964 
WT AFTER LAH RXN g 1.9485 1.8106 1. 8935 
WT RECOVERY % 89.95 89.86 90.32 
PY EXTRACT #3 g 0.0624 0.1177 0.0670 
WT % EXTRACT #3 % 3.20 6.50 3.54 
PY RESIDUE #3 g 1. 8649 1. 6890 1. 7842 
WT % RESIDUE #3 % 95.71 93.28 94.23 
MATERIAL BALANCE % 98.91 99.78 97.77 
TOTAL EXTRACT % 28.93 30.67 28.66 
*: the same as Entry b in Table 1 
Table 6 Ultrasonically Enhanced Coal Extraction 
I II III 
DRY #3 COAL (g) 2.5256 15.0020 7.5331 
a EXT AFTER ULTRA (g) 1. 2585 3.8663 2.1233 
RES AFTER ULTRA (g) 1. 0518 10.3178 5.4551 
WT % EXTRACT (%) 50.03 25.77 28.19 
RESIDUE (g) 0.9015 9.1772 
WT AFT HCl/HF (g) 0.6290 7.5619 
b PY EXTRACT (g) 0.0429 0.4673 
PY RESIDUE (g) 0.6092 7.1090 
WT % EXTRACT (%) 6.82 6 .18 
EXTRACT 2 STEPS (%) 52.02 29.27 
RESIDUE (g) 0.5757 5.0011 
WT AFT LAH (g) 0.4780 4.2924 
c PY EXTRACT (g) 0.0197 0.1515 
PY RESIDUE (g) 0.4780 4.2720 
WT % EXTRACT (%) 4.12 3.53 
TOTAL EXTRACT (%) 52.98 30.89 
Table 7 Elemental Analysis of #3 Coal Fraction and 
Extracts (Illinois No. 6 Coal) 
% c % H % N % s % oi % ash C/H2 
A 77.67 5.00 1.37 2.383 13.51 15.48 1. 30 
B !30.01 6.00 1. 58 2.47 9.94 0 1.12 
c 78.91 6.26 1.57 2.44 10.82 0 1. 06 
D 73.78 6.94 1.80 2.12 15.36 0 .892 
E 75.77 6.16 1.48 2.20 14.39 0 1.03 
F 76.69 6.41 1. 60 2.50 12.80 0 1.00 
A: moisture and ash free coal sample 
S/C2 
.0115 
.0116 
.0116 
.0108 
.0109 
.0122 
data from User Handbook for the Argonne Premium Coal 
Sample Program (October 1, 1989 U.S. Dept. of Energy) 
B: pyridine extract #1 (Standard Treatment, see Entry a in 
Table 1) 
C: pyridine extract after demineralization and LAH reaction 
(Standard Treatment, see Entry f in Table 1) 
D: extract after ultrasonic treatment I (see Entry a in 
Table 6) 
E: extract after ultrasonic treatment II (see Entry a in 
Table 6) 
F: pyridine extract after LAH reaction in ultrasonic 
treatment II (see Entry c in Table 6) 
1 : by difference 
2: mole ratio 
3: organic sulfur (total S=4.83%) 
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Figure 9. #2 Coal Residue after LAH Reaction and 3rd Py 
Extraction (Standard Treatment, Entry g in Table 1) 
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Piqure 10. #3 Coal Residue after 1st Py Extraction (Standard 
Treatment, Entry b in Table 1) 
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Figure 11. #3 Coal Residue after Demineralization and 2nd Py 
Extraction (Standard Treatment, Entry d in Table 1) 
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Figure 12. #3 coal Residue after LAH Reaction and 3rd Py 
Extraction (Standard Treatment, Entry g in Table 1) 
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Fiqure 14. #2 Coal Residue after Demineralization and 3rd Py 
Extraction (Sequence Two, Entry c in Table 3) 
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Figure 15. #3 Coal Extract after 1st Py Extraction (Standard 
Treatment, Entry a in Table 1) 
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: Extraction (Standard Treatment, Entry c in Table 1) 
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Fiqure 17. #3 Coal Extract after LAH Reaction and 3rd Py 
Extraction (Standard Treatment, Entry f in Table 1) 
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Figure 18. #2 Coal Extract after Demineralization and 2nd Py 
Extraction (Standard Treatment, Entry c in Table 1) 
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Piqure 19. #3 Coal Extract after Ultrasonic Irradiation I 
(Entry a in Table 6) 
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Piqura 20. #3 coal Extract after Ultrasonic Irradiation I, 
Demineralization and 1st Py Extraction 
(Entry b in Tabla 6) 
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Figura 23. #3 Coal Extract after Ultrasonic Irradiation II, 
Demineralization and 1st Py Extraction 
(Entry b in Table 6) 
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SEC Curves of #3 Coal Extracts from 
Standard Treatment 
~ Extract #3 I I \ (Entry a in Table 1) 
1~ ~ Extract #2 (Entry c in Table 1) 
I I ~ Extract #1 (Entry f in Table 1) 
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